The high-pressure phase β -ZrB 2 O 5 represents the first ternary borate in the system Zr-B-O. The compound was synthesized under high-pressure / high-temperature conditions of 7.5 GPa and 1100 • C in a Walker-type multianvil apparatus. The crystal structure was determined on the basis of single crystal X-ray diffraction data, collected at room temperature. The monoclinic zirconium borate crystallizes in the space group P2 1 /c with the lattice parameters a = 439.04(9), b = 691.2(2), c = 896.8(2) pm, and β = 90.96(3) • . The structure is isotypic to the high-pressure phase β -HfB 2 O 5 , which is built up from layers of exclusively corner-sharing BO 4 tetrahedra. Between these layers, the cations are coordinated square-antiprismatically by eight oxygen atoms.
Introduction
In the last years, high-pressure / high-temperature studies in the chemistry of oxoborates led to a large variety of new polymorphs like β -MB 4 O 7 (M = Mn [1] , Ni [1] , Cu [1] , Zn [2] , Ca [3] , Sn [4] , Hg [5] ), the rare-earth meta-oxoborates δ -RE(BO 2 ) 3 (RE = La, Ce) [6, 7] , and a new non-centrosymmetric modification of bismuth triborate, δ -BiB 3 O 6 [8] . New compositions could be realized in the compounds RE 3 B 5 O 12 (RE = Tm-Lu) [9] and Pr 4 B 10 O 21 [10] . Furthermore, the oxoborates RE 4 B 6 O 15 (RE = Dy, Ho) [11 -13] , α-RE 2 B 4 O 9 (RE = Sm-Ho) [14 -16] , and the recently found HP-NiB 2 O 4 [17] showed, next to new compositions, the structural feature of edge-sharing BO 4 tetrahedra. In this connection, the latter compound HP-NiB 2 O 4 represents the first borate in which every BO 4 tetrahedron shares one common edge with another BO 4 tetrahedron.
To our knowledge, no ternary phases are known in the system Zr-B-O, but several quaternary phases, namely Ni 5 ZrO 4 (BO 3 ) 2 [18] , K 2 Zr(BO 3 ) 2 [19] , (Co 1.5 Zr 0.5 )(BO 3 )O [20] , BaZr(BO 3 ) 2 [21] , Zr 3 V 3 B 0.384 O 0.576 , and Zr 3 V 3 B 0.24 O 0.36 [22] have been described. We were now able to synthesize the 0932-0776 / 08 / 0600-0707 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com first ternary zirconium borate, which is built up analogously to β -HfB 2 O 5 [23] . Due to the fact that β -ZrB 2 O 5 is a high-pressure phase, we labeled it with the Greek character "β ". Attempts to synthesize the ambient-pressure zirconium diborate "α-ZrB 2 O 5 " are currently made. In this publication, we report the synthetic conditions, structural details, and thermal behavior of the phase β -ZrB 2 O 5 in comparison to the isotypic compound β -HfB 2 O 5 .
Experimental Section
β -ZrB 2 O 5 was synthesized under high-pressure / hightemperature conditions of 7.5 GPa and 1100 • C. According to Eq. 1, the starting reagents were monoclinic ZrO 2 (Baddeleyite) (Strem Chemicals, Newburyport, USA, 99.9 %) and B 2 O 3 (Strem Chemicals, Newburyport, USA, 99+ %), which were ground together and filled into a boron nitride crucible (Henze BNP GmbH, HeBoSint R S10, Kempten, Germany) in the molar ratio ZrO 2 : B 2 O 3 = 1 : 1.
The boron nitride crucible was positioned inside the center of an 18/11 assembly, which was compressed by eight tungsten carbide cubes (TSM-10 Ceratizit, Reutte, Austria). The assembly was compressed to 7.5 GPa in 3 h, using a multianvil device, based on a Walker-type module and a 1000 t press (both devices from the company Voggenreiter, Mainleus, Germany). A detailed description of the preparation of the assembly can be found in references [24 -27] . The sample was heated to 1100 • C (cylindrical graphite furnace) in 10 min, kept at this temperature for 5 min, and cooled down to 750 • C in 15 min at constant pressure. Afterwards, the sample was quenched to r. t. by switching off the heating, followed by a decompression period of 9 h. β -ZrB 2 O 5 was separated from the surrounding boron nitride and obtained as a colorless, air-and water-resistant, crystalline solid. Next to β -ZrB 2 O 5 , the powder diffraction pattern of the product showed unreacted ZrO 2 , whereas the corresponding B 2 O 3 could not be determined by powder diffraction (X-ray amorphous). Crystal structure analysis
The powder diffraction pattern of monoclinic β -ZrB 2 O 5 was collected with a Stoe Stadi P diffractometer, using (Table 1) were obtained from least-squares fits of the powder data. The correct indexing of the pattern was confirmed by intensity calculations [29] , taking the atomic positions from the structure refinements of β -ZrB 2 O 5 ( Table 2 ). The lattice parameters determined from the powder and the single crystal data (a = 439.04(9), b = 691.2(2), c = 896.8(2) pm, and β = 90.96(3) • ) agree well.
For the crystal structure analysis, small single crystals of β -ZrB 2 O 5 were isolated by mechanical fragmentation and examined using a Buerger camera, equipped with an image plate system (Fujifilm BAS-1800) in order to establish both symmetry and suitability for the collection of intensity data. Single crystal intensity data were collected at r. t. from a colorless crystal using an Enraf-Nonius Kappa CCD with graphite-monochromatized MoK α (λ = 71.073 pm) radiation. A multi-scan absorption correction (SCALEPACK [46]) was applied to the intensity data. According to the systematic extinctions h0l with l = 2n, 0k0 with k = 2n, and 00l with l = 2n, the monoclinic space group P2 1 /c (no. 14) was derived. All relevant details of the data collections and evaluations are listed in Table 1 . The starting positional parameters were taken from the structural refinement of β -HfB 2 O 5 [23] . Structure solution and parameter refinement with anisotropic displacement parameters for all atoms (full-matrix leastsquares against F 2 ) were successfully performed with the SHELXS/L-97 software suite [30, 31] . The final difference Fourier synthesis did not reveal any significant residual peaks (see Table 1 ). The positional parameters, anisotropic displacement parameters, interatomic distances, and angles are listed in Tables 2 -5 .
Further details of the crystal structure investigation may be obtained from the Fachinformationszentrum 
Results and Discussion
The crystal structure of β -ZrB 2 O 5 is built up exclusively from corner-sharing BO 4 tetrahedra (Q 3 ), forming layers separated by zirconium cations (Fig. 1) . Fig. 2 gives a view of the crystal structure along [100], showing eight-membered rings, occupied by the Zr 4+ ions and four-membered rings remaining empty. These rings are interconnected to layers, that spread out in the bc plane. Fig. 3 gives a view of the coordination of the Zr 4+ ions, which are surrounded by eight oxygen atoms forming a square antiprism. Inside the framework of BO 4 tetrahedra, the B-O dis- tances of the two crystallographically distinguishable BO 4 groups vary between 142 and 154 pm ( Table 4 ). The average B-O bond length of 146.8 pm corresponds to the known average value of 147.6 pm for boron-oxygen distances in BO 4 tetrahedra [32, 33] . A close comparison of the arrangement of the BO 4 tetrahedra in the isotypic phases β -MB 2 O 5 (M = Zr, Hf) with other structures show that in minerals of the gadolinite group the topology of the tetrahedra is virtually identical. A more detailed description, including a discussion of the related structures, can be found in reference [23] . Table 6 . Charge distribution in β -ZrB 2 O 5 , calculated with the bond length / bond strength (ΣV ) [37, 38] and the CHARDI concept (ΣQ) [39] . The calculation of bond valence sums for β -ZrB 2 O 5 using the bond length / bond strength [37, 38] and the CHARDI concept (charge distribution in solids according to Hoppe [39] ) confirmed the formal ionic charges resulting from the single crystal structure analysis. Table 6 shows the values for each atom, which are in agreement within the limits of both concepts.
Furthermore In situ temperature-programmed X-ray powder diffraction experiments were carried out on a Stoe Stadi P powder diffractometer (MoK α radiation, λ = 71.073 pm) with a computer controlled Stoe furnace. The sample was enclosed in a quartz glass capillary and heated from r. t. up to 500 • C in steps of 100 • C, and from 500 to 1100 • C and back to 500 • C in steps of 50 • C. Below 500 • C, the temperature shift per range was again 100 • C. The heating rate was set to 50 • C/min. After each step, a diffraction pattern was recorded over the angular range 7 • ≤ 2θ ≤ 22 • . Fig. 4 shows that β -ZrB 2 O 5 is stable up to 800 • C and decomposes into monoclinic ZrO 2 (Baddeleyite) and presumably B 2 O 3 beyond this temperature. This behavior was also observed for the isotypic hafnium borate β -HfB 2 O 5 , which decomposed into HfO 2 and B 2 O 3 at a temperature of 800 -850 • C [23] .
Conclusions
High-pressure / high-temperature conditions led to the formation of the first ternary compound β -ZrB 2 O 5 in the system Zr-B-O. Under normal pressure conditions, glasses are often the favored products of reactions in oxoborate chemistry. As demonstrated in this work, high-pressure / high-temperature conditions can force the formation of a crystalline product. This is supported by further examples like the synthesis of β -SnB 4 O 7 [4] , the first crystalline borate in the system Sn-B-O, for which previously only glasses were known. To our knowledge, no crystalline or glassy compound is known in the system Zr-B-O until now. Thus, β -ZrB 2 O 5 represents the first ternary zirconium borate. In earlier work, the high-pressure / high-temperature strategy was successful in the system Hf-B-O, for which no ternary phases had been known [23] . Through this approach, we hope to get access to other systems in oxoborate chemistry, for which no or only glass-forming compounds exist until now.
